This communication describes the in situ combination of Al(III) and Zn(II) with resveratrol, and evaluation of the antioxidant power of the novel species via DPPH  assay. The formation of the complexes in aqueous medium was verified by Job's method, using fluorescence spectroscopy. The metal / ligand stoichiometry for the Zn(II) / resveratrol complex was found to be 1:2 and, for the Al(III) / resveratrol complex two preferential species were formed with 1:1 and 3:1 stoichiometries. The compounds were also studied by 1 H and 13 C NMR spectroscopy. Their antioxidant activity, evaluated by a scavenging assay using DPPH  (1,1-diphenyl-2-picrylhydrazyl), demonstrated that the combined species are more effective free radical scavengers than free resveratrol. The electrochemical behavior of the complexes revealed the occurrence of irreversible oxidation processes, which take place at a lower potential than that observed with free resveratrol. These results indicate that metallic complexes of this natural product have a higher antioxidant power than resveratrol alone.
Resveratrol
(3,4',5-trans-trihydroxystilbene) is a polyphenolic compound present in grapes and many other plants [1, 2] . It has been proposed that resveratrol is the active constituent of the diet responsible for the cardiovascular protection observed in the French paradox [3, 4] . Recently, there have also been reports on the interesting properties of resveratrol [5] as a preventive agent against important pathologies, such as cancer [6] [7] [8] neurodegenerative process [9] , and diabetes [10] . Although the molecular basis for the biological activity of resveratrol is not well understood, it is known that this compound acts as a radical scavenger like other major polyphenols such as quercetin and catechin [11] . In fact, these last two are known to be good antioxidants and chelating agents [12, 13] . However, the therapeutic application of natural products such as resveratrol is limited due to its low solubility. A possible way of circumventing this problem is to coordinate resveratrol with metal ions, which should generate charge in the overall molecule and raise its solubility in polar solvents.
In this context, the present work proposes an evaluation of the combination of resveratrol with Al (III) and Zn (II) ions in aqueous solutions, based on spectrophotometric measurements such as fluorescence and NMR. It also addresses the known relationship between antioxidant ability and the oxidation potential [14] of the complexes under study, by means of cyclic voltammetry measurements and the DPPH  assay [15] .
The resveratrol molecule has three possible coordination sites: the 3, 5, and 4'-OH groups. Its fluorescence spectrum in aqueous solution displays one band at 390 nm, upon excitation at 308 nm. According to typical Job's plots [16] obtained from the fluorescence spectra, the metal / ligand stoichiometry for the Zn(II) / resveratrol complex was found to be 1:2. In comparison, two maximums were observed in the Job´s plot of the Al(III) / resveratrol complex with the second one being more pronounced than the first. This suggests the formation of two preferential species with 1:1 and 3:1 stoichiometries. Therefore, on the basis of Job´s experiment, the following formulations can be suggested for the complexes assembled in aqueous solution: [Al 3 (C 14 
-, assuming that both ions are hexacoordinated.
The 1 H and 13 C NMR spectroscopic data for the Alresveratrol and Zn-resveratrol complexes, as recorded in DMSO-d 6 , are listed in Table 1 . The data for free resveratrol is also shown, for comparison purposes.
Both metal ions are diamagnetic, and, therefore, there is little or no variation in the values of the proton chemical shifts upon metal complex formation. In addition, the coupling constants show that resveratrol retains a trans configuration in all of the species investigated [17] . The inductive effect of the metal ions can be probed using 13 aluminum species. The 13 C NMR data demonstrate larger shifts for the CH2, CH4, and CH6 nuclei in the aluminum complex, thus corroborating the involvement of this ring in the coordination of the metal ion.
It is known that the antioxidant activity is conceivably related to the electrochemical behavior: lower oxidation potential indicates higher antioxidant power [14] . It is also known that the lower the EC 50 values, the higher the antioxidant activity of a given species. For the compounds under investigation, the antioxidant activity data were expressed in terms of EC 50 , measured as the amount of antioxidant needed to decrease the initial DPPH  concentration by 50% [15] .
The cyclic voltammograms of resveratrol and its complexes in methanol revealed only one oxidation wave (E PA = anodic peak, 50 mV s -1 ), which is irreversible (Table 2, Figure 1 ). Since the chemical structure of resveratrol is similar to that of flavonoids, the oxidative peak for resveratrol can be assigned by analogy with the redox processes observed in the flavonoids. Oxidative processes in the flavonoids are mainly related to the oxidation of the 3' and 4'-OH groups, which leads to the semi-quinone and quinone forms [18, 19] . Therefore, the oxidative peak detected in our study was also assigned to this oxidation process. Nevertheless, the most important feature is that in the case of the Al (III)-resveratrol and Zn (II)-resveratrol complexes, the oxidation potential of resveratrol tends to decrease. This is possibly because the semi-quinone and quinone forms are more strongly stabilized compared with the parent "catechol" form when coordinated to metal ions. These results also show that the resveratrol combined form is potentially more effective as an antioxidant than the free species. In fact, the free radical scavenging activity of the complexes is greater than that of free resveratrol (Table 2, Figure 1 ), which implies that the Al (III) and Zn (II) ions change the chemical properties of resveratrol. The results observed by means of the Job's experiment indicate that there is an interaction between resveratrol and the Al(III) and Zn(II) ions, which leads to the formation of complexes in aqueous solutions. In fact, as shown in the present work, the complexes display the ability to scavenge the DPPH • radical more efficiently than free resveratrol. Moreover, the oxidation potentials of the combined species are lower, indicating their higher antioxidant power. Further studies underway in our laboratory will evaluate how much the coordination with Al(III) and Zn(II) improves the solubility of resveratrol in water, focusing on the therapeutic application of these complexes.
Experimental
Materials: Resveratrol, AlCl 3 .6H 2 O, ZnCl 2 , tetrabutylammonium-hexafluorophosphate (PF 6 ), DMSO d6 , and 1,1diphenyl-2-picrylhydrazyl (DPPH  ) were purchased from Aldrich Chemical Co and used as received. All the aqueous solutions were prepared using deionized water purified in a Millipore Milli-Q system (resistivity > 18 ΩMcm, pH = 5).
Measurements:
The experiments were carried out at 25 o C and Job's method [16] was employed using fluorescence spectroscopy. The solutions were prepared by mixing solutions of both components (the resveratrol and metal ion) of equal molar concentration (100 μmol L -1 ) in different ratios, varying from 0 to 1. The dissolution of resveratrol in water was achieved by continuous sonication at 40 W for 2 h, in the dark [20] . The samples were scanned in the 320-500 nm range and the fluorescence at 390 nm was determined under excitation at 308 nm. Samples were analyzed 24 h after the preparation of the solutions in order to allow for the complete formation of the complexes. The data were collected twice. Fluorescence measurements were performed on a Hitachi F4500 instrument. The excitation and emission slits were set to 3 nm.
UV-Vis spectra were acquired in a HP8453 Diode Array spectrophotometer, in a 1.0 cm quartz cell. The 1 H and 13 C NMR spectra were recorded on a RMN Bruker DR X 500 9.4T spectrometer. Electrochemical measurements were recorded on a PGSTAT30 AUTOLAB  potentiostat/ galvanostat using a one-compartment electrochemical cell of 15.0 mL capacity equipped with a 0.8 cm 2 surface glassy carbon as the working electrode, a platinum wire auxiliary electrode, and an Ag/AgCl reference electrode PF 6 -(0.1 mol L -1 , methanolic solution) was employed as the supporting electrolyte. Cyclic voltammograms were recorded at 50 mV s -1 .
The antioxidant activity of resveratrol and its complexes were probed by their ability to scavenge DPPH  , a free radical that absorbs at 517 nm. The employed procedure and the treatment of the results have been previously reported [15] . The concentration of the standard DPPH  methanolic solution was 100 μmol L -1 , and 50-200 μmol L -1 solutions of each antioxidant compound were tested (resveratrol and its complexes).
